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Hybrid incompatibility (HI) prevents gene flow between species, thus lying at the heart of speciation genetics. One of the
most common Hls is male sterility. Two superficially contradictory observations exist for hybrid male sterility. First, an in-
trogression on the X Chromosome is more likely to produce male sterility than on autosome (so-called large-X theory);
second, spermatogenesis genes are enriched on the autosomes but depleted on the X Chromosome (demasculinization
of X Chromosome). Analysis of gene expression in Drosophila hybrids suggests a genetic interaction between the X
Chromosome and autosomes that is essential for male fertility. However, the prevalence of such an interaction and its un-
derlying mechanism remain largely unknown. Here we examine the interaction in nematode species by contrasting the ex-
pression of both coding genes and transposable elements (TEs) between hybrid sterile males and its parental nematode
males. We use two lines of hybrid sterile males, each carrying an independent introgression fragment from Caenorhabditis
briggsae X Chromosome in an otherwise Caenorhabditis nigoni background, which demonstrate similar defects in spermatogen-
esis. We observe a similar pattern of down-regulated genes that are specific for spermatogenesis between the two hybrids.
Importantly, the down-regulated genes caused by the X Chromosome introgressions show a significant enrichment on the
autosomes, supporting an epistatic interaction between the X Chromosome and autosomes. We investigate the underlying
mechanism of the interaction by measuring small RNAs and find that a subset of 22G RNAs specifically targeting the
down-regulated spermatogenesis genes is significantly up-regulated in hybrids, suggesting that perturbation of small

RNA-mediated regulation may contribute to the X-autosome interaction.

[Supplemental material is available for this article.]

Hybrid incompatibility (HI) refers to any measurable reduction in
fitness commonly seen in interspecific hybrids. One of the most
extreme types of HI is hybrid male sterility that may block gene
flow between species. However, genetic and molecular mecha-
nisms underlying an observed HI vary dramatically between spe-
cies, making it necessary to dissect HI across taxa to achieve a
global view of genetic or genomic conflict in the species hybrid
that leads to HI. It is widely observed that heterogametic hybrid
progeny are more likely to suffer HI than their homogametic sib-
lings, which is dubbed Haldane’s rule (Turelli and Orr 1995;
Schilthuizen et al. 2011). One explanation for this is the domi-
nance theory, which proposes that if alleles causing HI are recessive
and sex-linked, the heterogametic hybrid progeny will manifest
full effects because of hemizygosity, whereas homogametic hybrid
progeny will not, owing to compensation by a second copy of a
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wild-type allele (Turelli and Orr 2000). Dominance theory has
gained wide support in genetic studies of hybrid sterility in both
animal and plant species (Masly et al. 2006; Yang et al. 2012).
However, expression and genetic analyses have revealed
seemingly opposite roles of the X Chromosome in hybrid male ste-
rility. For example, genes expressed in the germline are enriched
on the autosomes but depleted on the X Chromosome during sper-
matogenesis in both the Drosophila and Caenorhabditis species
(Reinke et al. 2004; Sturgill et al. 2007; Ortiz et al. 2014; Vicoso
and Bachtrog 2015). Moreover, histone markers indicative of ac-
tive gene transcription are enriched on autosomes but depleted
on the X Chromosome in the Caenorhabditis elegans male germ-
line, whereas an opposite pattern is observed for repressive
histone markers (Kelly et al. 2002; Schaner and Kelly 2006).
These observations support the hypothesis of X demasculinization
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or sexual antagonism and X inactivation (SAXI) (Wu and Xu
2003). Nevertheless, the X Chromosome is found to play a dispro-
portionately larger role than autosomes in the development of
hybrid male sterility (Masly and Presgraves 2007; Bi et al. 2015).
One possible explanation for this discrepancy is the presence
of a genetic interaction between the X Chromosome and auto-
somes to maintain the correct expression ratios between the X
Chromosome and the autosomes (hereafter termed as X:A imbal-
ance), which is essential for spermatogenesis (Wu and Xu 2003).
The clearest way to test for such an interaction would be to use hy-
brid sterile males carrying a defined introgression from another
species in an otherwise isogenic genetic background. Indeed, ex-
pression analyses of testis genes between hybrid Drosophila simu-
lans males that carry a fertile or sterile introgression revealed that
autosomal genes were more likely to be misexpressed than those
on the X Chromosome (Lu et al. 2010). These hybrid males differ
only in a small region of the X Chromosome containing the Ods-
site homeobox (OdsH) locus of hybrid sterility (Ting et al. 1998;
Sun et al. 2004), minimizing the complications associated with
heterogeneous genetic background as is the case in F1 hybrids.
The study supports a genetic interaction between X and auto-
somes, but how the interaction is maintained and whether a sim-
ilar interaction is present in other taxa are largely unknown.

The control of transposable elements (TEs) is another impor-
tant factor contributing to HIs (Maheshwari and Barbash 2011).
TEs may become aberrantly activated when introduced into a
new host that lacks a specific control mechanism, leading to a
widespread invasion of the host genome and hybrid sterility or le-
thality. For example, TE mobilizations have been observed in hy-
brids between different marsupial species (Metcalfe et al. 2007)
and between Drosophila species (Shpiz et al. 2014; Erwin et al.
2015), though whether the TE activation is the only cause of HI re-
mains to be determined. Two HI genes, Hmr and Lhr, genetically
interact to cause hybrid lethality between D. melanogaster and
D. simulans (Brideau et al. 2006). RNA-seq analyses revealed that
Hmr and Lhr are required to repress transcription from satellite
DNAs and many families of TEs in its native host (Satyaki et al.
2014). One possible cause of aberrant TE expression in hybrids is
altered expression of Piwi-interacting small RNAs (piRNAs), a class
of small RNAs that interacts with the Piwi family of Argonaute pro-
teins to control the expression of TEs in the germline (Di Giacomo
etal. 2013). This is because the piRNA population in a host rapidly
adapts to the TE content through generation of new piRNA clus-
ters, allowing de novo production of piRNA and other types of
small RNAs for silencing of the invading TE (Shpiz et al. 2014;
Sentietal. 2015). This rapid divergence can be seen clearly through
the phenomenon of hybrid dysgenesis, in which intraspecific
crosses between different Drosophila lines with and without a par-
ticular TE produce sterile progeny due to a requirement for mater-
nally deposited piRNAs for silencing a paternally derived TE
(Brennecke et al. 2008). Consistent with this, Drosophila interspe-
cific hybrids phenocopy piRNA pathway mutants (Kelleher et al.
2012). Whether desilencing of TEs is directly involved in interspe-
cific hybrid sterility remains largely unexplored in other species. It
is worth noting that in most of the studies on TE-mediated hybrid
sterility or lethality, total RNAs were extracted from hybrid F1 ani-
mals with a largely heterozygous genetic background. Conse-
quently, both sets of piRNA loci on autosomes are present,
making it difficult to demonstrate directly that misexpression of
PiRNAs is actually causative for TE dysfunction and, indeed,
whether TE dysfunction itself is responsible for sterility. This also
means that it is unclear whether an imbalance between TEs and

PiRNAs would occur to the same extent in species without mater-
nal deposition of piRNAs.

Isolation of a Caenorhabditis briggsae sister species called
Caenorhabditis nigoni, previously known as Caenorhabditis sp.9
(Felix et al. 2014), opens the possibility of using nematode species
to study interspecific HI. Results from the preliminary crossing be-
tween the two support Haldane’s rule (Woodruff et al. 2010;
Kozlowska et al. 2012). To facilitate the species pair as a model
for isolation of HI loci, we have recently developed random label-
ing of C. briggsae chromosomes with GFP markers and mapped
them into defined genomic regions (Bi et al. 2015). Multiple inde-
pendent introgressions from a C. briggsae X Chromosome produce
sterile males in a C. nigoni background (Bi et al. 2015), but the mo-
lecular mechanism underlying the observed sterilities remains un-
clear. Here we examined the molecular mechanisms of hybrid
male sterility between C. briggsae and C. nigoni mainly through ge-
nomic approaches.

Results

A C. nigoni draft genome was generated with approximately
20x coverage of Illumina synthetic long reads

A current draft assembly of C. nigoni genome was produced using
paired end next-generation sequencing (NGS) data with an average
read length of ~100 bp, making it difficult to generate sequence
contigs with sufficient length and accuracy for the downstream
analysis (Kumar et al. 2012). It is worth noting that the draft ge-
nome is further complicated by sequence contamination from
Caenorhabditis afra (previously known as Caenorhabditis sp.7) to
an unknown extent (Felix et al. 2014). In particular, the short reads
are problematic for assembling contigs that are rich in repetitive
sequences, which will prevent accurate annotation of these se-
quences, including TEs and some small RNAs that are to be ad-
dressed in this study. We previously demonstrated that Illumina
synthetic long reads not only are able to recover nonrepetitive se-
quences but also are capable of recovering most types of repetitive
sequence except for those arranged in a long stretch of tandem re-
peats (Li et al. 2015). To facilitate comparative analysis of expres-
sion of small RNAs, TEs, and protein-coding genes between wild-
type and hybrid strains, we produced approximately 20x coverage
of [llumina synthetic long reads for C. nigoni as described previous-
ly for a C. elegans genome assembly (Li et al. 2015). Most of the
reads are ~10 kbp in length with a minimum size of 1.5 kbp.

A total of 6882 contigs were assembled using the long reads
with an N50 size of 57 kbp. We next aligned the contigs against
C. briggsae (AF16) reference genome “cb4” (Ross et al. 2011) using
LAST (Kielbasa et al. 2011) to locate the syntenic regions between
the two, the output of which was used to construct C. nigoni pseu-
dochromosomes. Sequences equaling a total of 119 Mbp were an-
chored into the six pseudochromosomes, while the remaining 22
Mbp were retained as so-called unassigned sequences. Taking into
account residual heterozygosity, we estimated the total size of the
C. nigoni genome to be ~130-140 Mbp. We used the draft genome
that is called “cn1” hereafter for the subsequent analysis. We also
performed preliminary annotation for the “cn1” genome, includ-
ing prediction of structural genes, which were refined with our
RNA-seq data along with their homolog in C. briggsae (Fig. 1;
Supplemental Fig. 1; Supplemental Table 1). To facilitate the use
of the draft genome by the research community, we established
an online genome browser that allows sequence retrieval, visuali-
zation of C. nigoni gene models, and gene expression, as well as
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size, while the other line, ZZY10307,
contains a fragment of ~7.6 Mb in size
from the middle of the C. briggsae X
Chromosome (Fig. 2A-C). The introgres-
sion was achieved by repeated backcross-

ing of the GFP-linked C. briggsae genomic
fragment into C. nigoni for atleast 15 gen-
erations (Fig. 2D; Bi et al. 2015), meaning
the two male sterile lines essentially carry
pure C. nigoni background except for the
introgression region. To verify the intro-
gression boundaries defined by single-
worm PCR (Yan et al. 2012), we per-
formed NGS to determine the introgres-

15M sion boundaries as previously described
(Bi et al. 2015). As expected, the intro-
gression boundaries defined by NGS

agree well with those by the PCR-based
genotyping in both strains (Fig. 2B). No
extra C. briggsae fragments were found
in the introgression lines (Supplemental

Fig. 2), indicating the genetic background
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chromosomal insertion of cbr-myo-2:

GFP.

To investigate whether the observed
sterilities are caused by defective sperma-
togenesis, we first examined germline
morphology in the hybrid males. We
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Figure 1. Overview of C. nigoni genome. Shown are densities of coding genes (blue), transposable el-

ements (TEs; red), and dy/ds ratio (cyan) of orthologous regions between C. nigoni and C. briggsae over

Chromosome | (A) and Chromosome X (B) in a window size of 100 kbp.

synteny between C. briggsae and C. nigoni genome (see “Data ac-
cess”). At present, the pseudochromosomal assembly strategy
used means that this genome will have a limited use in determin-
ing complex structural rearrangements between C. nigoni and C.
briggsae. Future work incorporating long-read, single molecule,
real-time (SMRT) sequencing technology from Pacific Biosciences
(PacBio) or sequencing of mate pair genomic libraries may help
to resolve structural variations through generating an unbiased
contiguity (Huddleston et al. 2014). Nevertheless, the “cn1” ge-
nome assembly is expected to cover the majority of DNA elements,
including small RNAs, TEs, and protein-coding genes that will be
analyzed in this study.

Replacement of different fragments of the C. nigoni X
Chromosome with homologous regions from C, briggsae
results in defective spermatogenesis and sterility

Our previous efforts in systematic introgression of GFP-linked C.
briggsae genomic fragments into the C. nigoni background pro-
duced multiple independent introgression lines that demonstrate
complete male sterility (Bi et al. 2015). Here we focused on two
male sterile lines, each of which carries an independent, non-
overlapping fragment from the C. briggsae X Chromosome (Fig.
2). The females carrying either of the introgressions as a heterozy-
gote are fertile. One of the lines, ZZY10330, carries a fragment from
the right arm of the C. briggsae X Chromosome that is ~5.1 Mb in

found that instead of the typical “U”
shape as seen for C. nigoni male germline,
the ZZY10307 and ZZY10330 male germ-
lines are disorganized and appear to lack
an obvious turn (Supplemental Fig. 3A,
B). In addition, sperm cells were displaced anteriorly comparable
to those observed in the F1 hybrids between the two species
(Ting et al. 2014), suggesting a defect in spermatogenesis. We
next performed mating tests to examine whether the sterility is
produced by incapability of sperm transfer using MitoTracker-
stained sterile males that were mated with C. nigoni virgin female.
We found sperm transfer was successful for both ZZY10307 and
77Y10330 (Supplemental Fig. 4A,B), indicating the sterility is not
caused by the failure in sperm transfer during copulation. We fi-
nally evaluated the morphology of the sperm cells and their com-
petences for activation in both hybrid and C. nigoni males. We
found that sperm cells in the two lines showed similar phenotypes.
For example, overall sperm cell shapes tend to be irregular, and
their sizes are smaller in both hybrids than in C. nigoni (Fig. 2E-
J). Residual bodies were frequently found in the sperm cells from
77Y10330, suggesting a defect in spermatogenesis (Liu et al.
2013). We next evaluated the activation potential of the sperm
in both JU1421 and the sterile males. Unlike C. elegans sperm,
which can be activated by either Pronase, zinc, monensin, or
TEA (Liu et al. 2013), C. nigoni sperm cells can only be activated
by Pronase (Fig. 2H; data not shown). Despite the defective size
and shape, the sperm cells from both sterile males also showed a
sign of activation (Fig. 2LJ), but they may not be competent
enough for fertilizing C. nigoni oocytes. Taken together, the data
demonstrate that the sterilities in both ZZY10307 and ZZY10300
are mainly caused by defective spermatogenesis.
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Figure 2. Characteristics of two hybrid male sterile lines. (A-C) Confirmation of introgression boundaries by NGS for ZZY10307 (A) and ZZY10330 (C),
each carrying an introgression derived from C. briggsae X Chromosome in an otherwise C. nigoni background. Read coverage (y-axis) is shown across C.
briggsae X Chromosome coordinates (x-axis). Genotyping results by single-worm PCR are shown in the middle (B), with PCR positive and negative corre-
sponding to the presence and absence of C. briggsae-specific amplification, respectively. (D) Schematic diagram showing steps of generating two hybrid
sterile lines. (E-/) Sperm morphology and activation in C. nigoni (JU1421) or hybrid males. (E-G) DIC micrographs showing sperm morphologies for
JU1421, ZZY10307, and ZZY10330, respectively. (H-/) DIC micrographs showing sperm activations for JU1421, ZZY10307, and ZZY10330, respectively.
Residual bodies and sign of activation in hybrids are indicated with an arrowhead and arrow, respectively. (SM) Sperm media.

Independent introgressions on X Chromosome produce a similar
pattern of down-regulation in genes that are significantly enriched
on autosomes

Previous expression studies using microarray, RNA-seq, or anti-
body staining demonstrate a biased expression of spermatogenesis
genes between the X Chromosome and autosomes; namely, most
genes expressed in male germline are located on autosomes
but depleted from the X Chromosome (Albritton et al. 2014;
Ortiz et al. 2014). We asked whether replacement of part of the
C. nigoni X Chromosome with its homologous sequence from C.
briggsae would disrupt the “imbalanced expression” between the
X Chromosome and autosomes, which could be associated with
the observed sterilities. To test this, we performed RNA-seq analysis
to quantify the mRNA transcripts in the two sterile male lines and
its parental males from C. nigoni and C. briggsae (Supplemental
Table 2). We produced around 8 million reads for each sample
with three replicates each. All RNA reads were mapped against an-
notated coding sequences in C. briggsae (AF16) (Harris et al. 2014).
The reads were also de novo assembled into transcripts using

Trinity (Haas et al. 2013) for the purpose of small RNA mapping
as detailed below.

We identified a total of 574 and 922 genes that are signifi-
cantly up-regulated in the males of ZZY10307 and ZZY10330, re-
spectively, and 1242 and 1317 genes that are significantly down-
regulated, respectively, in the two compared with C. nigoni males
(Supplemental Table 3). A total of 358 and 860 genes are signifi-
cantly up- and down-regulated, respectively, in both hybrid lines
compared with C. nigoni males (Fig. 3A). Interestingly, the two in-
dependent introgressions lead to down-regulation of a highly
overlapping set of genes (P < 1 x 107> by random sampling), where-
as the up-regulated genes do not show the similar overlapping pat-
tern (Fig. 3B). Overall similarity of gene expression between the
two sterile lines is much higher than that between either of
the two and JU1421 (Fig. 3C,F-H). Intriguingly, we observed that
the ratio of down-regulated genes is disproportionately higher
on autosomes than on the X Chromosome where the introgres-
sion fragments are located (P< 1 x 1077, Fisher’s exact test). For ex-
ample, 96% of the shared down-regulated genes are located on the
autosomes and only 4% on the X Chromosome (Fig. 3D,E),
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Figure 3. Expression profiling of coding genes in male hybrids and their parental males. (A) Venn di-
agrams showing shared numbers of up- or down-regulated genes between both hybrid males and C.
nigoni. (B) The bootstrap test for the intersection of misregulated genes between two hybrids. The ob-
served number of overlapping down-regulated genes (860, green line) is significantly higher than ran-
dom, while the observed number of overlapping up-regulated genes (358, red line) is not higher than
random. The bootstrap sampling was performed 100,000 times with the one-tailed P value shown on
top. (Green) P<0.05; (red) P>0.05. (C) A heat map showing hierarchical clustering of normalized ex-
pression for the shared up-regulated (red) and down-regulated (green) genes in A for each RNA-seq sam-
ple of C. briggsae (AF16), C. nigoni (JU1421), ZZY10330, and ZZY10307. Expression of each gene is
normalized against the average of 12 samples. (D) Chromosomal distribution of up-regulated (red)
and down-regulated (green) genes as defined in C. (E) Percentages of down-regulated (green) or up-reg-
ulated (red) genes on autosomes or the X Chromosome. Note the percentage of down-regulated genes is
significantly higher on the autosomes than on the X Chromosome regardless of whether the genes are
located within or outside the introgressions, whereas no significant enrichment is found for up-regulated
genes. (*) P<0.01, Fisher’s exact test. (F,G) A pairwise comparison of overall expression in males between
Z7Y10307 (F) or ZZY10330 (G) and C. nigoni, respectively. Correlation coefficient (R) is indicated. (H) A
pairwise comparison of overall expression in males between ZZY10307 and ZZY10330.

though the X Chromosome carries ~17% of C. nigoni protein-cod-
ing genes. Notably, such enrichment could not be observed for up-
regulated genes in the hybrids (Fig. 3E).

To evaluate whether genes located within and outside of the
introgressions demonstrated differential patterns in misregulation,
we divided the C. briggsae X Chromosome into three distinct

regions, that is, introgression from
77Y10330 and ZZY10307 and the re-
maining region, which are about 5.1,
7.7, and 8.7 Mbp in size, respectively.
We counted the number of C. briggsae
genes within each introgression as well
as the number of C. nigoni genes ortholo-
gous to the C. briggsae genes within the re-
maining 8.7 Mbp (X_other in Fig. 3D,E)
that showed misregulation in the hybrid
background. We found no significant en-
richment of up-regulated genes located
within and outside of both introgressions
on the X Chromosome (Fig. 3D,E).
However, genes within the introgression
region of ZZY10330 do show a signifi-
cant enrichment compared with those
outside of both introgressions on the X
Chromosome (P =1 x 10~*, Fisher’s exact
test) (Fig. 3E). A pairwise comparison of
genes located within the introgression re-
gions between a hybrid and its native pa-
rental strain reveals that the genes within
the ZZY10307 introgression seem to be
expressed in a more similar way as those
in C. briggsae than in C. nigoni, while
those located within the ZZY10330 intro-
gression show an expression pattern that
is comparable to both parents (Supple-
mental Fig. 5). In addition, correlations
of expression between genes within in-
trogression and those in both parental
species are higher in ZZY10307 (with a
correlation coefficient of 0.817 and
0.903, respectively) than in ZZY10330
(with a correlation coefficient of 0.744
and 0.717, respectively), indicating there
is a higher level of gene misregulation in
the introgression of ZZY10330 than in
the introgression of ZZY10307. In sum-
mary, independent replacements of the
X Chromosome fragment lead to pre-
ferential down-regulation of autosome-
linked genes associated with male sterili-
ties, supporting an interaction between
the X Chromosome and autosomes,
which is consistent with the hypothesis
of demasculinization of X Chromosome.

Only spermatogenesis genes are
significantly enriched in the down-
regulated gene set in both hybrid
sterile males

Given the primary phenotype associated
with the two introgressions is the male

sterility that seems to be a product of defective spermatogenesis
(Fig. 2E-]), we investigated the relationship between the sterility
and the misregulated genes shared in both sterile strains. We
took advantage of the classification of C. elegans male- and fe-
male-specific germline genes, as well as C. briggsae sex-biased genes
defined in recent studies using RNA-seq (Thomas et al. 2012;
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Albritton et al. 2014; Ortiz et al. 2014). We examined whether the
categories of spermatogenesis or male-specific genes were enriched
in our misregulated gene list (see Methods) (Supplemental Table
4). We performed enrichment analysis separately for the down-
and up-regulated genes shared between the two hybrids against
spermatogenesis or male-specific genes as stated above. Only sper-
matogenesis genes were significantly enriched in our down-regu-
lated gene list (FDR<0.01), whereas oogenesis and gender-
neutral ones show no enrichment in the list (Fig. 4A;
Supplemental Table 4). However, no significant enrichment was
found in up-regulated genes. Similar enrichment analysis was per-
formed using sex-biased genes defined previously (Thomas et al.
2012; Albritton et al. 2014). Again, male-specific genes were signif-
icantly enriched in the down-regulated gene list (Fig. 4B;
Supplemental Table 4). In addition, a category of “low male” also
showed a significant enrichment in the up-regulated list, albeit
at a much lower scale compared with that in the down-regulated
list. Gene ontology (GO) analysis demonstrates that genes in-
volved in regulation of cell shape or protein phosphorylation are
significantly enriched (Fig. 4C), suggesting that these genes may
control spermatogenesis through these pathways. Notably, genes
up-regulated in both hybrids do not show enrichment for either

A Down Up B

FDR 304
<0.01
>0.01

10

204

Ratio

spermatogenesis (Fig. 4A) or autosomes (Fig. 3E), suggesting that
these genes are involved in pathways other than spermatogenesis,
such as general developmental pathway or physiology. Consistent
with this, GO analysis reveals that these genes are primarily in-
volved in response to nutrient levels or extracellular stimuli (Fig.
4C). Similar enrichment patterns were observed when the misre-
gulated genes were analyzed separately for the two hybrid strains
(Supplemental Fig. 6). Intriguingly, a significant enrichment on
the autosomes versus the X Chromosome was observed for the
down-regulated but not the up-regulated genes (Supplemental
Fig. 7). Taken together, nonoverlapping replacements of X
Chromosome fragments produce male sterilities through preferen-
tial down-regulation of spermatogenesis genes that are mainly lo-
cated on autosomes.

Few TEs show aberrant expression in the hybrid sterile males
compared with C. nigoni males

Overexpression of TEs is frequently found in F1 hybrids and is as-
sociated with male sterility (Rozhkov et al. 2013; Erwin et al. 2015).
We wondered whether misregulation of TEs might be associated
with the observed male sterility in the introgression lines despite
the fact that they were subjected to back-
crossing for at least 15 generations (Bi
et al. 2015). To analyze TE expression,
we compiled a TE list de novo from
both C. briggsae and C. nigoni genomes
(Supplemental Fig. 8, see Supplemental
Methods). We defined a total of 247 and
319 families of TE in C. briggsae and C.
nigoni, respectively (Supplemental Table
5). Interestingly, the C. nigoni genome
seems to carry all the TE families found
in the C. briggsae genome but also con-

Up

r tains unique TE families. Read mapping
Jz>§ against TEs was performed in a similar
way as that for protein-coding genes but
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regulation of anatomical structure morphogenesis - @
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response to extracellular stimulus -

with modified parameters (see Methods
and Supplemental Methods). Overall ex-
pression of TEs in both hybrids was sim-
ilar to those in C. nigoni (Fig. 5). Out of
- 10 all the measured TE families, we detected
hal 4 a significant elevation of expression for
: ig only one family in ZZY10307 males
o (cb_rnd-3_family-789 [DNA/PiggyBac])
®: and two families in ZZY10330 males
(cb_rnd-3_family-381 [DNA/Merlin] and
qvalue c_sp9_rnd-4_family-428 [LINE/CR1]) com-
0.04 . L .
003 pared with C. nigoni males; a single TE
family (c_sp9_rnd-5_family-1528 [LINE])
showed significant down-regulation in
o0 Z7Y10307 (fold change > 2 and P<0.01)
(Fig. 5C,D; Supplemental Table 5). Since
a single TE family can contain multiple
members, we further investigated wheth-

Count
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!
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Figure 4.

Enrichment analysis of down- or up-regulated genes against sex-biased genes. Analysis was
performed separately for down-regulated and up-regulated genes found in both hybrids against the
gene categories defined by two previous studies (see text). Note a significant enrichment of spermato-
genesis genes (A) or male-specific genes (B) in the down-regulated gene list. “Low male” category also
shows a significant enrichment for up-regulated genes, but its ratio is not comparable to those in down-
regulated list. (C) Gene ontology analysis of down- or up-regulated genes shared by the two sterile lines.

T er the member count contributed to the
u significant increase in TE expression.
The average numbers of normalized
reads between three replicates in the hy-
brids that mapped to the three families
were 38, 34, and 235, respectively, with
an average of fewer than two copies per
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Piwi protein PRG-1 and target TEs for si-
lencing via the induction of 22G RNAs
(Batista et al. 2008; Das et al. 2008).
PpiRNAs also target both transgenes and
endogenous loci for heritable silenc-
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Simon et al. 2014). We therefore tested
whether differences in piRNA expression
between sterile hybrids and the parental
lines might underlie defective spermato-
genesis and male sterility in these lines.
Given the highly similar pheno-
types in sperm as well as in the mRNA
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Figure 5. Comparison of TE expression between hybrid and C. nigoni (JU1421) males. (A,B) Boxplots
showing the comparison of overall expression of TEs in the males at TE class level between ZZY10330 or
Z7Y10307 and JU1421, respectively. (C,D) Volcano plots showing the comparison of overall expression
of TEs in the males at TE family level between ZZY10307 or ZZY10330 and JU1421, respectively. Note
there are only one and two TE families showing a significantly higher expression (highlighted in red)
in ZZY10307 (C) or ZZY10330 (D) than in JU1421, respectively. (LINE) Long interspersed nucleotide el-

ements; (LTR) long terminal repeats; (RC) rolling circle.

member, arguing against a significant role of overexpression of the
three families in the observed male sterilities. This is based on em-
pirical data on TE misregulation in other species. For example, de-
spite the significantly elevated expression of TEs relative to C.
nigoni, the expression of these TEs in our hybrids is much lower
than the misregulated TEs caused by two HI proteins, Hmr and
Lhr in sterile hybrids between D. melanogaster and D. simulans,
where over 50 families demonstrated overexpression in F1 hybrids
with a much higher read count (up to 1 million reads) relative to
both parents (Satyaki et al. 2014). It should be noted that due to
difficulty in isolating germlines from hybrid sterile males, the
whole animals were used for RNA extraction. Therefore, all expres-
sion assays do not distinguish between germline and somatic
tissues.

Misregulation of 22G RN As but not piRNAs in the hybrid sterile
males

piRNAs are key regulators of genome stability via regulation of TEs.
piRNA mutants in both D. melanogaster and Mus musculus show de-
fects in spermatogenesis, leading to sterility, which is associated
with altered TE expression (Cox et al. 1998; Brennecke et al.
2007; Carmell et al. 2007). Moreover, due to their critical role in
TE regulation, differences in piRNA content cause hybrid dysgen-
esis between different Drosophila species (Kelleher et al. 2012). In
C. elegans, piRNAs, also known as 21U-RNAs, associate with the
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and TE expression patterns between the
two sterile lines, we focused on small
RNAs in one of the two sterile lines,
77Y10330. In C. briggsae, as in C. elegans,
piRNAs are produced from individual
loci located in clusters, with each indi-
vidual piRNA associated with a specific
upstream promoter identified by a highly
conserved motif (the Ruby motif) (Ruby
et al. 2006; de Wit et al. 2009; Shi et al.
2013). The C. briggsae piRNA clusters
have previously been shown to reside
on Chromosomes I and IV (de Wit et al.
2009; Shi et al. 2013). We therefore
aligned small RNAs from both C. nigoni
parent males (hitherto wild type) and
sterile hybrid males to the C. nigoni scaf-
folds “cn1” as described above. In both
cases, we found strong enrichment of
piRNA alignments within the regions of
the C. nigoni genome corresponding to the C. briggsae piRNA
loci, with little difference in the alignment positions, as would
be expected given that the region of the C. briggsae genome insert-
ed in the hybrid strain is outside of these loci. Although there was a
reduction in the total number of overall reads from piRNA loci in
the hybrid (P<2 x 107'¢, Mann-Whitney U test), this difference
was rather small (median, eight reads per million for C. nigoni ver-
sus seven reads per million in ZZY10330) (Fig. 6A,B).

Although the reduction in piRNA expression was very small,
it is conceivable that this might lead to differences in silencing of
TEs downstream. To test this, we examined whether 22G RNAs
mapping to the TEs compiled above were different between the hy-
brid and wild-type males. Overall, there was excellent correlation
between the wild type and the sterile hybrids in terms of the reads
mapped to consensus TE sequences (Supplemental Fig. 9), indicat-
ing that 22G RNAs mapping to TEs were mostly unchanged in the
hybrids. There were five TEs showing greater than fourfold differ-
ence in read count, but none of these corresponded to the TEs
showing differential expression by RNA-seq (Supplemental Table
5). Moreover, there were no significant shifts in the levels of 22G
RNAs mapping to different classes of TEs between the sterile hy-
brid and wild type (P>0.1 for each, Wilcoxon paired test) (Fig.
6C). Taken together with the absence of differences in the expres-
sion of TEs, this suggests that altered silencing of TEs by small
RNAs is unlikely to explain the male sterility phenotype in the
hybrid.
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Figure6. Comparison of expression of piRNAs and 22G RNAs between the males of ZZY10330 and C. nigoni (JU1421). (A) Comparison of read counts for
piRNAs between C. nigoni males and the hybrid males (ZZY10330). (B) Distribution of piRNAs along the piRNA clusters on Chromosome | and
Chromosome IV for C. nigoni (top) and the hybrid (bottom). The y-axis shows the number of unique piRNA sequences per million in each genomic window
of 100 kbp. The x-axis shows position along the chromosome in base pairs. (C) Boxplot showing differences in 22G RNAs mapping antisense to different
classes of TEs between hybrid males and C. nigoni males. Box shows interquartile range (IQ) with a line at the median, and the whiskers show the furthest
point within 1.5 times the 1Q range. (D) Boxplot showing differences between hybrid and C. nigoni in 22G RNAs mapping antisense to C. nigoni genes
categorized by annotations from C. briggsae (CSR-1) or C. elegans (other categories). (E) Breakdown of spermatogenesis genes from D into CSR-1 and
WAGO targets. (F) Differences between hybrid and C. nigoni either in all male-specific CSR-1 targets as defined in C. elegans or in the male-specific
CSR-1 targets that overlap with spermatogenesis genes from D. (herm) Hermaphrodite. Boxplot parameters as in C. (G) Boxplot showing differences be-
tween hybrid and C. nigoni 22G RNAs mapping antisense to spermatogenesis genes found either up-regulated or down-regulated in hybrid males by
mRNA-seq analysis (Fig. 3). Boxplot parameters as in C.
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In addition to TEs, 22G RNAs also map to genic loci and can
be generated from many different primary small RNA triggers,
both piRNA dependent and piRNA independent (Gu et al. 2009;
de Albuquerque et al. 2015; Phillips et al. 2015). We therefore con-
sidered whether 22G RNAs mapping to coding genes might show
differences between the hybrid and the wild type. Given the steril-
ity phenotype of the hybrids, we focused on germline genes. In C.
elegans, there are two major classes of 22G RNAs that are found in
the germline, CSR-1, which binds to the Argonaute CSR-1
(Claycomb et al. 2009), or WAGO, which binds to WAGO-family
Argonautes (Yigit et al. 2006; Gu et al. 2009). CSR-1-dependent
small RNAs activate target gene expression whereas WAGO-depen-
dent small RNAs generally reduce target gene expression (Seth
et al. 2013; Wedeles et al. 2013). In order to classify genes in C.
nigoni, we used previously published C. briggsae annotations of
CSR-1 RNAs based on a direct immunoprecipitation approach for
CSR-1 (Tu et al. 2015) and homology mapping from C. elegans
for WAGO (Gu et al. 2009). We then examined levels of 22G
RNAs mapping antisense to these genes in the hybrid and wild
type (Supplemental Table 6).

Interestingly, putative spermatogenesis genes showed a clear
increase in median levels of 22G RNAs in the hybrid relative to
wild-type C. nigoni (P=1.5x107'°, Wilcoxon signed rank test)
(Fig. 6D). This increase did not correspond to increased 22G
RNAs either for CSR-1 target genes, which showed no significant
change (P>1 x 1073, Wilcoxon signed rank test), or for WAGO-de-
pendent genes, which showed a decrease in 22G RNA levels (P =
2x107*, Wilcoxon signed rank test), suggesting that neither
CSR-1 nor WAGO-1 target genes could explain the increased levels
of 22G RNAs mapping to spermatogenesis genes. Consistent with
this interpretation, neither CSR-1-targeted nor WAGO-1-targeted
spermatogenesis genes showed altered levels of 22G RNAs, with
the changes predominantly affecting genes that were not targeted
by either Argonaute (Fig. 6E). However, importantly, these annota-
tions refer specifically to hermaphrodites. In C. elegans males, CSR-
1 was shown to target spermatogenesis genes (Conine et al. 2013).
We therefore examined 22G RNAs mapping to male-specific CSR-1
targets. Intriguingly, orthologs of spermatogenesis genes that were
targets of CSR-1 in C. elegans males were significantly up-regulated
in hybrids relative to C. nigoni (P=1 x 10~'°, Wilcoxon signed rank
test). This did not affect the C. nigoni orthologs of CSR-1 targets in
C. elegans males that were not sperm genes, which were not signifi-
cantly different between hybrids and C. nigoni (Fig. 6F).

We wondered whether the down-regulation of spermatogen-
esis gene expression we observed (Fig. 4A) could be associated with
the up-regulation of 22G RNAs. We therefore subdivided sper-
matogenesis genes into up-regulated and down-regulated genes.
This analysis showed that only down-regulated spermatogenesis
genes demonstrated increased 22G RNAs mapping to them, while
up-regulated spermatogenesis genes showed no significant change
in 22G RNAs (Fig. 6G). Importantly, the misregulation of 22G
RNAs that we observe is not directly due to cis-acting differences
in the X Chromosome. None of the spermatogenesis genes with
22G RNAs that increased by at least twofold and that showed sig-
nificantly altered gene expression by RNA-seq are found within
the introgressed region (Supplemental Table 6), and these genes
indeed were more likely to be found on autosomes than expected
even given the biased distribution of spermatogenesis genes with
altered expression by mRNA-seq (odds ratio >15 P=0.02 Fisher’s
exact test) (Supplemental Table 6). Thus both increased 22G
RNAs and the decreased expression in spermatogenesis genes are
likely to be an indirect response to the introgression region. We

speculate that misregulation of 22G RNAs caused by disruption
of X Chromosome integrity might be a general response to the dis-
rupted X:A imbalance that occurs in hybrids.

Differential cis-acting regulation of miR-237 between C. briggsae
and C. nigoni is associated with sterility in hybrid males

In order to further examine possible molecular differences be-
tween sterile hybrids and the parent C. nigoni strain, we compared
expression of miRNAs between hybrid males and those of C.
nigoni. Although some miRNAs are remarkably highly conserved
across species, the short sequence lengths and relatively straight-
forward requirements for processing give them the potential to
evolve rapidly (Marco et al. 2013). Moreover, their important roles
in development make differences in miRNAs attractive potential
causes of species-specific differences (Niwa and Slack 2007; Tang
et al. 2010), although examples of clear roles for miRNAs in speci-
ation have yet to be described.

In order to identify possible miRNAs that are different be-
tween C. briggsae and C. nigoni, we first identified homologs to pre-
viously identified C. briggsae miRNAs (de Wit et al. 2009; Shi et al.
2013; Kozomara and Griffiths-Jones 2014) in the wild-type C.
nigoni. The majority of miRNAs had identical sequences between
C. briggsae and C. nigoni, and of the six for which we found sin-
gle-nucleotide polymorphisms in the mature miRNA sequence,
none showed any change in the critical “seed region” between nu-
cleotides 2-7 (Bartel 2004) responsible for targeting (Supplemental
Table 7). Thus miRNA sequences are highly conserved between the
two species. We next analyzed the expression of these miRNAs in
wild-type males and ZZY10330 sterile males. The majority of
miRNAs showed highly consistent expression between the two
strains; however, one miRNA, miR-237, showed greater than five-
fold reduced reads in the hybrid ZZY10330 relative to wild-type C.
nigoni. (Fig. 7A; Supplemental Table 8). Intriguingly, when we ex-
amined the expression of this miRNA in C. briggsae, we found that
C. briggsae males also showed strongly reduced reads relative to its
counterpart in C. nigoni (Fig. 7B). Notably, this miRNA is found
within the introgression region (Supplemental Table 8). We there-
fore speculated that the difference in expression of miR-237 might
reflect sequence changes in the locus. The mature miRNA
shows only a 1-nucleotide (nt) difference, outside of the seed re-
gion, which is unlikely to directly affect expression. Moreover, us-
ing RNAfold, we predicted that miRNA-precursors would form
with highly comparable free energy (-39 kJ/mol for C. nigoni vs.
—41 kJ/mol for C. briggsae) (Fig. 7C,D). Thus this difference in ex-
pression is unlikely to come from differences in the processing of
the precursor miRNA by Drosha or Dicer. However, the region im-
mediately 5 to the miR-237 sequence showed appreciable se-
quence divergence (Fig. 7E). Thus it is possible that a sequence
difference in the promoter of mir-237 might drive the differential
expression of this miRNA in both C. briggsae and C. nigoni back-
ground. The differential expression we observed may contribute
to the sterility of hybrid lines. In this regard, it is interesting that
miR-237 is expressed in the somatic gonads of C. elegans (Harris
et al. 2014), so it might contribute to reproductive capacity in C.
nigoni; testing the consequences of reduced miR-237 expression
in C. nigoni males will be an interesting area for further research.
However, because the two introgression regions on the X
Chromosome that give rise to sterility are nonoverlapping, the
cis-acting differences in the mir-237 promoter will only be found
in one of the sterile lines arguing that this cannot be the sole cause
of sterility.
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Figure 7. miR-237 is differentially expressed between males of ZY10330 and C. nigoni. (A,B)
Scatterplots showing miRNA read counts in C. nigoni (x-axis) against either hybrid males (A) or C. briggsae
(B). miR-237 mature (5p) and star (3p) are highlighted. (C,D) Secondary structure predictions of the
miRNA precursors in C. briggsae and C. nigoni. Predictions were made by RNAfold. (E) Alignment of
mir-237 genomic locus in C. briggsae and C. nigoni showing some sequence divergence in the putative

promoter region.

Discussion

Despite intensive studies of HI by expression analyses, its regulato-
ry mechanism across species remains poorly understood. Most of
these studies concentrate on F1 hybrid incompatibilities, includ-
ing hybrid male sterility. However, the mechanisms underlying
F1 HI can be different from that in animals carrying an introgres-
sion genomic segment in an otherwise pure genetic background,
which provides an opportunity for identifying region-specific in-
teraction that could be responsible for a given HI. Consistent
with this, a recent study demonstrated that the lethality of hybrid
F1 males between C. nigoni and C. briggsae could be suppressed by

from piRNA targeting (Ashe et al. 2012;
Shirayama et al. 2012). It would be infor-
mative to investigate these possibilities
by assessment of transcriptomes of both
TEs and piRNAs in the F1 hybrid males
between the two species.

An alternative explanation for the
observed hybrid male sterilities is the disruption of a genetic inter-
action between the X Chromosome and the autosomes (X:A im-
balance) as demonstrated previously in the Drosophila species (Lu
et al. 2010). It has long been observed that genes expressed in
the male germline tend to be enriched on the autosomes but de-
pleted on the X Chromosome (Albritton et al. 2014; Ortiz et al.
2014), suggesting an interaction between X Chromosome and au-
tosomes, which is presumed to be essential for proper spermato-
genesis. So far, direct evidence in favor of this hypothesis is
limited to Drosophila species (Lu et al. 2010). Our transcriptome
data of the hybrid sterile males and its parental C. nigoni males
demonstrate the interaction in Caenorhabditis species. The two
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sterile lines each carry an independent introgression fragment
from the X Chromosome of another nematode species C. briggsae
but in an otherwise C. nigoni background achieved through multi-
ple generations of backcrossing (Fig. 2D), which minimizes the
complications of the mixed genomes as is the case of F1 hybrids.
However, in contrast to the Drosophila study, in which the sterility
was attributed to one specific locus on the X Chromosome (Lu
etal. 2010), the two C. briggsae introgressions in the C. nigoni back-
ground are quite large nonoverlapping fragments (Fig. 2A-C), yet
the two sterile lines demonstrate very similar defects in germline
and sperm, suggesting they suffer from similar defects in spermato-
genesis. In addition, spermatogenesis genes are down-regulated in
a similar way between two sterile lines, and these expression
changes are significantly enriched in autosomal genes (Figs. 3,
4). Altogether this suggests that a correct expression balance be-
tween the X-linked and autosomal genes is important to ensure
proper spermatogenesis. The fact that distinct nonoverlapping re-
gions can produce a similar effect suggests that maintaining the
correct balance requires broad regions of the X Chromosome
and is not limited to one or two “master regulators.” Instead, a per-
turbed X:A imbalance caused by disrupted X Chromosome integ-
rity involving multiple loci is a plausible explanation for the
sterilities as a result of introgression of the C. briggsae X into the
C. nigoni background. Evidence of an interaction between the X
Chromosome and autosomes also comes from studies of dosage
compensation (Meyer 2005). Whether the disrupted X Chromo-
some perturbs dosage compensation in cis remains an open
question.

How the interaction between autosomes and the X Chromo-
some is maintained is a longstanding enigma. Our analysis of
small RNAs provides insights into the interaction. In sterile hy-
brids, 22G RNAs targeted to spermatogenesis genes were specifi-
cally up-regulated. Importantly, up-regulated small RNAs
corresponded well to down-regulated spermatogenesis genes in
the hybrids (Fig. 6D). Thus up-regulation of 22G RNAs mapping
to spermatogenesis genes may cause failure of spermatogenesis
by reducing the expression of spermatogenesis genes, possibly
through inducing epigenetic changes in chromatin. In C. elegans,
CSR-1-type and WAGO-type 22G RNAs are the two major classes
of small RNAs enriched in germline. CSR-1-dependent small
RNAs are enriched for spermatogenesis genes (Conine et al.
2013); thus we might expect that the spermatogenesis genes show-
ing increased 22G RNAs are CSR-1 dependent. Indeed, the sperma-
togenesis genes we identified with increased 22G RNAs are
enriched for genes homologous to CSR-1 targets previously anno-
tated as enriched in C. elegans males (Fig. 6F; Conine et al. 2013).
However, CSR-1 functions to protect gene expression, in contrast
to WAGO-dependent 22G RNAs, which act to silence their targets
(Seth et al. 2013; Wedeles et al. 2013). Thus we speculate that 22G
RNAs targeted to spermatogenesis genes that bind to CSR-1 in
wild-type C. nigoni males and thus normally support gene expres-
sion become rerouted in sterile hybrids into the WAGO pathway
and result in silencing. As “nonself” DNA triggers stable 22G
RNA-mediated silencing of the “nonself” region in C. elegans
(Ashe et al. 2012; Lee et al. 2012; Shirayama et al. 2012), it is inter-
esting to speculate that the 22G RNA up-regulation that occurs as a
result of disrupted X:A imbalance might be a more widespread re-
sponse to foreign sequences that leads to global misregulation of
spermatogenesis genes. Definitive tests of such a possibility will re-
quire further experiments, for example, pull-down assays using
various types of Argonantes followed by RNA-seq for small
RNAs, which are beyond the scope of this study.

Our improved C. nigoni draft genome “cn1” will become an
invaluable resource for the community, which will not only facil-
itate the studies of HIs between the two nematode species but also
provide a foundation for comparative analysis of other fundamen-
tal biological processes. One of the fascinating biological processes
is sex determination, which is known to have been subjected to
fast evolution between Caenorhabditis species (Ellis and Lin
2014). Despite C. briggsae being the closest relatives of C. nigoni
and their hybrid progeny being viable, the two nematode species
have distinct modes of sex determination, with the former adopt-
ing a hermaphroditic mode of reproduction and the latter using a
dioecious mode. Availability of an improved C. nigoni genome, as
well as transcriptomes produced in this study, will facilitate the
study of the sex determination pathway and its modifiers.

Methods

Worm strains and maintenance

All worms were maintained at 25°C on NGM plates seeded with
OP50 as food source. Strains AF16 and JU1421 were used as wild
isolate of C. briggsae and C. nigoni, respectively, throughout the pa-
per. Hybrid male sterile strains ZZY10307 and ZZY10330 were pro-
duced previously by backcrossing with GFP-labeled C. briggsae
strains with JU1421 for at least 15 generations (Bi et al. 2015).
The GFP-containing introgression fragments were maintained as
a female heterozygote.

Genotyping of introgression boundaries by NGS

Introgression boundaries of ZZY10307 and ZZY10330 were geno-
typed as previously described (Bi et al. 2015). A total of 1.5 and
1.7 million reads were generated for ZZY10307 and ZZY10330, re-
spectively, which were mapped back to combined C. briggsae
(“cb4”) and C. nigoni reference genomes (“cnl”). Read coverage
was visualized across the C. briggsae genome as shown in Figure 2
and Supplemental Figure 2.

C. nigoni genome assembly

Around 20x coverage of Illumina synthetic long reads were
produced for C. nigoni (JU1421), and its genome assembly was
produced as previously described (Li et al. 2015). C. nigoni pseudo-
chromosomes were produced using syntenic information with
C. briggsae, and preliminary genome annotation was performed
using the BAKER1 pipeline (see Supplemental Methods) (Hoff
et al. 2015).

Compilation of TEs in C. nigoni and C. briggsae genome

To de novo annotate putative TEs, RepeatModeler (version 1.0.7,
http://www.repeatmasker.org/RepeatModeler.html) was run with
the genome sequences of C. nigoni (“cn1”; this study) and C. brigg-
sae (“cb4”), respectively, as an input, using default parameters. The
consensus sequences of TEs produced were used as an input to
RepeatMasker (version 4.0.4; http://www.repeatmasker.org) to an-
notate all the possible TE loci over the two genomes. RMblast (ver-
sion 2.28) was used in the two annotation pipelines to align
genome sequence against possible TEs.

Sequencing of mRNAs by NGS

Three hundred young adult males were picked for mRNA extrac-
tion for each sample for C. briggsae (AF16), C. nigoni (JU1421),
77Y10307, and ZZY10330 with three replicates each. For collec-
tion of ZZY10307 and ZZY10330 young adult males, fertile females
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that carry the introgression were mated with JU1421 males. The
male progeny that carry the introgression as judged by the expres-
sion of cbr-myo-2::GFP were picked under a fluorescence micro-
scope for mRNA extraction. Initial attempts of using dissected
germlines for RNA extraction were made, but dissecting of germ-
line from hybrid sterile males turned out to be impractical, as hy-
drostatic pressure in the sterile males is not comparable to parental
males (data not shown). Total RNAs were extracted using TRIzol
(Invitrogen) following the manufacturer’s instructions. mRNA pu-
rification and fragmentation, cDNA synthesis, end repairing,
adapter ligation, and DNA fragment enrichment were performed
using Illumina’s TruSeq stranded mRNA library preparation kit
based on the kit’s manual. Each library was barcoded and se-
quenced to obtain paired-end (2 x 150 bps) reads using Illumina
MiSeq. We obtained approximately 8 million reads of high-quality
score (greater than 30 mean quality score) on average per sample.

Sequencing of small RNAs by NGS

RNA was extracted from C. briggsae (AF16), C. nigoni (JU1421), and
hybrid (ZZY10330) males expressing GFP for small RNA sequenc-
ing. RNA was treated with 2 uL RppH (NEB) to remove both 5’
caps and 5’ triphosphate and to enable cloning of 22G RNAs.
Libraries were constructed using the Illumina TruSeq small RNA li-
brary prep kit according to the manufacturer’s instructions.

Data analysis of mRNA-seq reads

All the mRNA-seq reads were mapped against C. briggsae genome
(“cb4”) using CLC genomic workbench 8.0. To ensure the same
mappability between C. nigoni and C. briggsae reads against
C. briggsae ORFs, a relaxed mismatch cutoff was used for reads de-
rived from C. nigoni and hybrids than for those derived from
C. briggsae (see Supplemental Methods). The gene with fold
change >2 and FDR <0.01 between C. nigoni (JU1421) and a hy-
brid was considered as a DEG (differentially expressed gene). For
quantification of TE expression, we mapped all reads from
mRNA-seq against the TE consensus sequences as described above
using CLC genomic workbench 8.0, with a cutoff of at least 75%
similarity and 75% length. Total number of the mapped reads
was counted for calculation of the differential expression between
hybrids and JU1421 in a similar way as that for mRNAs.

Enrichment analysis of misregulated genes

GO terms for C. elegans and the C. elegans/C. briggsae ortholog table
were fetched from WormBase (WS250). The gonad-specific gene
categories were previously defined by the comparison of RNA-
seq results between C. elegans male- and female-specific gonads
(Ortiz et al. 2014). The C. briggsae GO term and gonad-specific
gene categories were built from C. elegans data, based on the ortho-
log table. The sex-biased gene categories for C. briggsae were
fetched from the comparison of RNA-seq results of C. briggsae
male and female worms (Albritton et al. 2014). The enrichment
analysis for GO terms, gonad-specific, and sex-biased gene catego-
ries were carried out using ClusterProfiler (Yu et al. 2012) by hyper-
geometric test in an R statistical computing environment (R Core
Team 2016). The P-value and FDR were calculated for each catego-
ry, and the categories with FDR <0.05 were reported.

Data analysis on 22G RNAs

To identify piRNAs, 21U-RNAs that either did not map exactly or
that matched with up to one mismatch to a C. briggsae miRNA
were aligned to the C. nigoni genome assembly (“cn1”) produced
in this study using Bowtie, allowing zero mismatches and report-

ing only one alignment per sequence. We visually examined plots
of the density of piRNA loci across the C. nigoni genome using his-
tograms made in R, verifying that piRNAs were strongly enriched
at the syntenic regions to the C. briggsae piRNA clusters described
previously (Shi et al. 2013). We then prepared plots of the piRNA
clusters to compare the number of unique sequences per million
total unique sequences. To assess the difference in the overall
piRNA read counts, we used the Wilcoxon test (unpaired), which
makes no assumption about the distribution involved.

To analyze 22G RNAs, we aligned 22G RNAs to either TEs or
transcripts from C. nigoni (see Data access section and files at
http://158.182.16.70:8080/). We then assessed the total counts
for 22G RNAs mapping to individual genes or TEs, and this total
read count was normalized to the total number of mapped 22G
RNAs. To compare the 22G RNAs mapping to different gene
classes, we first used annotations of 22G RNAs mapping to C. brigg-
sae (Claycomb et al. 2009). This study reports CSR-1 targets in
C. briggsae hermaphrodites by a direct immunoprecipitation ap-
proach and also adds information about WAGO targets by homol-
ogy. We supplemented these annotations with identification of
CSR-1 targets in C. elegans males (Conine et al. 2013). We then
used BLAST to identify the best-matching C. nigoni transcript to
the C. briggsae transcriptome, discarding genes that failed to map
with an e-value of <10~*, for which we could not assign a homolog
with a better than 10~* e-value. The significance of up or down-reg-
ulation of 22G RNAs was assessed using the Wilcoxon test (paired
between individual loci), which does not make any assumption of
the underlying distribution. Data analysis on miRNAs and piRNAs
is outlined in the Supplemental Methods.

Data access

The [llumina synthetic long reads and the “cn1” genome assembly
for C. nigoni from this study have been submitted to the NCBI
BioProject database (http://www.ncbi.nlm.nih.gov/bioproject/)
under BioProject ID PRJNA306403 with accession number
LWKTO00000000 for the assembly and accession number
SRR3031106 for the Illumina synthetic long reads. The mRNA
and small RNA sequencing data from this study have been submit-
ted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi
.nlm.nih.gov/geo/) under accession numbers GSE76306 and
GSE75763, respectively. The DNA sequencing data for introgres-
sion boundary mapping of ZZY10307 and ZZY10330 have been
submitted to the NCBI Sequence Read Achieve (SRA; http://www
.ncbi.nlm.nih.gov/sra/) under accession numbers SRR3081358
and SRR3081363, respectively. A genome and synteny browser
for this project is available at http://158.182.16.70:8080/.

Acknowledgments

We thank Chung Wai Shing for logistic support and the mem-
bers of Z. Zhao's laboratory for helpful discussion and comments.
This work was supported by the Early Career Scheme Fund
(HKBU263512), the General Research Fund (HKBU12103314),
and the Collaborative Research Fund (HKBUS5/CRF/11G) from the
Hong Kong Research Grant Council, and the Strategic Develop-
ment Fund of Hong Kong Baptist University to Z. Zhao; a grant
from the United Kingdom Medical Research Council (MC-A652-
5PZ80) to P.S.; and an Imperial College London Research Fellow-
ship to P.S.

Author contributions: R.L., X.R., Y.B., and V.W.S.H. performed
introgressions and worm preparation. X.R. conducted mRNA se-
quencing; R.L. and Z. Zhao performed data analysis on mRNA-
seq and TEs. C.H., A.Y., and Z. Zhang provided long reads. T.L.,

1230 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.204479.116/-/DC1
http://158.182.16.70:8080/
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.204479.116/-/DC1
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/bioproject/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://158.182.16.70:8080/
http://158.182.16.70:8080/
http://158.182.16.70:8080/
http://158.182.16.70:8080/
http://158.182.16.70:8080/
http://158.182.16.70:8080/
http://158.182.16.70:8080/

22G RNAs regulate sperm genes in hybrid males

Y.Z., and L.M. characterized sperm phenotypes. P.S. performed
small RNA sequencing and data analysis and contributed to man-
uscript writing. Z. Zhao conceived the project, provided the re-
agents, and wrote the manuscript.

References

Albritton SE, Kranz AL, Rao P, Kramer M, Dieterich C, Ercan S. 2014. Sex-bi-
ased gene expression and evolution of the X chromosome in nema-
todes. Genetics 197: 865-883.

Ashe A, Sapetschnig A, Weick E-M, Mitchell J, Bagijn MP, Cording AC,
Doebley A-L, Goldstein LD, Lehrbach NJ, Le Pen J. 2012. piRNAs can
trigger a multigenerational epigenetic memory in the germline of C. ele-
gans. Cell 150: 88-99.

Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechanism, and func-
tion. Cell 116: 281-297.

Batista PJ, Ruby JG, Claycomb JM, Chiang R, Fahlgren N, Kasschau KD,
Chaves DA, Gu W, Vasale JJ, Duan S, et al. 2008. PRG-1 and 21U-
RNAs interact to form the piRNA complex required for fertility in C. ele-
gans. Mol Cell 31: 67-78.

Bi Y, Ren X, Yan C, Shao ], Xie D, Zhao Z. 2015. A genome-wide hybrid in-
compatibility landscape between Caenorhabditis briggsae and C. nigoni.
PLoS Genet 11: €1004993.

Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R,
Hannon GJ. 2007. Discrete small RNA-generating loci as master regula-
tors of transposon activity in Drosophila. Cell 128: 1089-1103.

Brennecke J, Malone CD, Aravin AA, Sachidanandam R, Stark A, Hannon
GJ. 2008. An epigenetic role for maternally inherited piRNAs in transpo-
son silencing. Science 322: 1387-1392.

Brideau NJ, Flores HA, Wang J, Maheshwari S, Wang X, Barbash DA. 2006.
Two Dobzhansky-Muller genes interact to cause hybrid lethality in
Drosophila. Science 314: 1292-1295.

Carmell MA, Girard A, van de Kant HJ, Bourc’his D, Bestor TH, de Rooij
DG, Hannon GJ. 2007. MIWI2 is essential for spermatogenesis and re-
pression of transposons in the mouse male germline. Dev Cell 12:
503-514.

Claycomb JM, Batista PJ, Pang KM, Gu W, Vasale JJ, van Wolfswinkel JC,
Chaves DA, Shirayama M, Mitani S, Ketting RF, et al. 2009. The
Argonaute CSR-1 and its 22G-RNA cofactors are required for holocentric
chromosome segregation. Cell 139: 123-134.

Conine CC, Moresco JJ, Gu W, Shirayama M, Conte D Jr, Yates JR III, Mello
CC. 2013. Argonautes promote male fertility and provide a paternal
memory of germline gene expression in C. elegans. Cell 155: 1532-1544.

Cox DN, Chao A, Baker J, Chang L, Qiao D, Lin H. 1998. A novel class of evo-
lutionarily conserved genes defined by piwi are essential for stem cell
self-renewal. Genes Dev 12: 3715-3727.

Das PP, Bagijn MP, Goldstein LD, Woolford JR, Lehrbach NJ, Sapetschnig A,
Buhecha HR, Gilchrist MJ, Howe KL, Stark R, et al. 2008. Piwi and
piRNAs act upstream of an endogenous siRNA pathway to suppress
Tc3 transposon mobility in the Caenorhabditis elegans germline. Mol
Cell 31: 79-90.

de Albuquerque BF, Placentino M, Ketting RF. 2015. Maternal piRNAs are es-
sential for germline development following de novo establishment of
endo-siRNAs in Caenorhabditis elegans. Dev Cell 34: 448-456.

de Wit E, Linsen SE, Cuppen E, Berezikov E. 2009. Repertoire and evolution
of miRNA genes in four divergent nematode species. Genome Res 19:
2064-2074.

Di Giacomo M, Comazzetto S, Saini H, De Fazio S, Carrieri C, Morgan M,
Vasiliauskaite L, Benes V, Enright AJ, O’Carroll D. 2013. Multiple epige-
netic mechanisms and the piRNA pathway enforce LINE1 silencing dur-
ing adult spermatogenesis. Mol Cell 50: 601-608.

Ellis RE, Lin SY. 2014. The evolutionary origins and consequences of self-fer-
tility in nematodes. F1000prime Rep 6: 62.

Erwin AA, Galdos MA, Wickersheim ML, Harrison CC, Marr KD, Colicchio
JM, Blumenstiel JP. 2015. piRNAs are associated with diverse trans-
generational effects on gene and transposon expression in a hybrid dys-
genic syndrome of D. virilis. PLoS Genet 11: e1005332.

Felix MA, Braendle C, Cutter AD. 2014. A streamlined system for species
diagnosis in Caenorhabditis (Nematoda: Rhabditidae) with name desig-
nations for 15 distinct biological species. PLoS One 9: €94723.

Gu W, Shirayama M, Conte D Jr, Vasale J, Batista PJ, Claycomb JM, Moresco
JJ, Youngman EM, Keys J, Stoltz MJ, et al. 2009. Distinct Argonaute-me-
diated 22G-RNA pathways direct genome surveillance in the C. elegans
germline. Mol Cell 36: 231-244.

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden ],
Couger MB, Eccles D, Li B, Lieber M, et al. 2013. De novo transcript se-
quence reconstruction from RNA-Seq using the Trinity platform for ref-
erence generation and analysis. Nat Protoc 8: 1494-1512.

Harris TW, Baran J, Bieri T, Cabunoc A, Chan J, Chen W], Davis P, Done J,
Grove C, Howe K, et al. 2014. WormBase 2014: new views of curated
biology. Nucleic Acids Res 42(Database issue): D789-D793.

Hoff KJ, Lange S, Lomsadze A, Borodovsky M, Stanke M. 2015. BRAKER1:
unsupervised RNA-Seq-based genome annotation with GeneMark-ET
and AUGUSTUS. Bioinformatics 32: 767-769.

Huddleston J, Ranade S, Malig M, Antonacci F, Chaisson M, Hon L,
Sudmant PH, Graves TA, Alkan C, Dennis MY, et al. 2014.
Reconstructing complex regions of genomes using long-read sequenc-
ing technology. Genome Res 24: 688-696.

Kelleher ES, Edelman NB, Barbash DA. 2012. Drosophila interspecific hy-
brids phenocopy piRNA-pathway mutants. PLoS Biol 10: €1001428.
Kelly WG, Schaner CE, Dernburg AF, Lee MH, Kim SK, Villeneuve AM,
Reinke V. 2002. X-chromosome silencing in the germline of C. elegans.

Development 129: 479-492.

Kielbasa SM, Wan R, Sato K, Horton P, Frith MC. 2011. Adaptive seeds tame
genomic sequence comparison. Genome Res 21: 487-493.

Kozlowska JL, Ahmad AR, Jahesh E, Cutter AD. 2012. Genetic variation for
postzygotic reproductive isolation between Caenorhabditis briggsae and
Caenorhabditis sp. 9. Evolution 66: 1180-1195.

Kozomara A, Griffiths-Jones S. 2014. miRBase: annotating high confidence
microRNAs using deep sequencing data. Nucleic Acids Res 42(Database
issue): D68-D73.

Kumar S, Koutsovoulos G, Kaur G, Blaxter M. 2012. Toward 959 nematode
genomes. Worm 1: 42-50.

Lee HC, Gu W, Shirayama M, Youngman E, Conte D Jr, Mello CC. 2012. C.
elegans piRNAs mediate the genome-wide surveillance of germline tran-
scripts. Cell 150: 78-87.

Li R, Hsieh CL, Young A, Zhang Z, Ren X, Zhao Z. 2015. Illumina synthetic
long read sequencing allows recovery of missing sequences even in the
“finished” C. elegans genome. Sci Rep 5: 10814.

Liu Z, Chen L, Shang Y, Huang P, Miao L. 2013. The micronutrient element
zinc modulates sperm activation through the SPE-8 pathway in
Caenorhabditis elegans. Development 140: 2103-2107.

Lu X, ShapiroJA, Ting CT, LiY, Li C, XuJ, Huang H, Cheng Y], Greenberg A]J,
Li SH, et al. 2010. Genome-wide misexpression of X-linked versus auto-
somal genes associated with hybrid male sterility. Genome Res 20:
1097-1102.

Maheshwari S, Barbash DA. 2011. The genetics of hybrid incompatibilities.
Annu Rev Genet 45: 331-355.

Marco A, Ninova M, Ronshaugen M, Griffiths-Jones S. 2013. Clusters of
microRNAs emerge by new hairpins in existing transcripts. Nucleic
Acids Res 41: 7745-7752.

Masly JP, Presgraves DC. 2007. High-resolution genome-wide dissection of
the two rules of speciation in Drosophila. PLoS Biol 5: e243.

Masly JP, Jones CD, Noor MA, Locke J, Orr HA. 2006. Gene transposition as a
cause of hybrid sterility in Drosophila. Science 313: 1448-1450.

Metcalfe CJ, Bulazel KV, Ferreri GC, Schroeder-Reiter E, Wanner G, Rens W,
Obergfell C, Eldridge MD, O’Neill RJ. 2007. Genomic instability within
centromeres of interspecific marsupial hybrids. Genetics 177:
2507-2517.

Meyer BJ. 2005. X-Chromosome dosage compensation. WormBook: 1-14.

Niwa R, Slack FJ. 2007. The evolution of animal microRNA function. Curr
Opin Genet Dev 17: 145-150.

Ortiz MA, Noble D, Sorokin EP, Kimble J. 2014. A new dataset of spermato-
genic vs. oogenic transcriptomes in the nematode Caenorhabditis ele-
gans. G3 (Bethesda) 4: 1765-1772.

Phillips CM, Brown KC, Montgomery BE, Ruvkun G, Montgomery TA.
2015. piRNAs and piRNA-dependent siRNAs protect conserved and es-
sential C. elegans genes from misrouting into the RNAi pathway. Dev
Cell 34: 457-465.

R Core Team. 2016. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-
project.org/.

Ragavapuram V, King EE, Baird SE. 2015. Suppression of F1 male-specific le-
thality in Caenorhabditis hybrids by cbr-him-8. G3 (Bethesda) 6: 623-629.

Reinke V, Gil IS, Ward S, Kazmer K. 2004. Genome-wide germline-enriched
and sex-biased expression profiles in Caenorhabditis elegans. Development
131: 311-323.

RossJA, Koboldt DC, Staisch JE, Chamberlin HM, Gupta BP, Miller RD, Baird
SE, Haag ES. 2011. Caenorhabditis briggsae recombinant inbred line ge-
notypes reveal inter-strain incompatibility and the evolution of recom-
bination. PLoS Genet 7: €1002174.

Rozhkov NV, Schostak NG, Zelentsova ES, Yushenova IA, Zatsepina OG,
Evgen’ev MB. 2013. Evolution and dynamics of small RNA response
to a retroelement invasion in Drosophila. Mol Biol Evol 30: 397-408.

Ruby ]G, Jan C, Player C, Axtell MJ, Lee W, Nusbaum C, Ge H, Bartel DP.
2006. Large-scale sequencing reveals 21U-RNAs and additional
microRNAs and endogenous siRNAs in C. elegans. Cell 127: 1193-1207.

Satyaki PR, Cuykendall TN, Wei KH, Brideau NJ, Kwak H, Aruna S, Ferree
PM, Ji S, Barbash DA. 2014. The Hmr and Lhr hybrid incompatibility

Genome Research 1231

www.genome.org


http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/

Li et al.

genes suppress a broad range of heterochromatic repeats. PLoS Genet 10:
€1004240.

Schaner CE, Kelly WG. 2006. Germline chromatin. WormBook: 1-14.

Schilthuizen M, Giesbers MC, Beukeboom LW. 2011. Haldane’s rule in the
21st century. Heredity 107: 95-102.

Senti KA, Jurczak D, Sachidanandam R, Brennecke J. 2015. piRNA-guided
slicing of transposon transcripts enforces their transcriptional silencing
via specifying the nuclear piRNA repertoire. Genes Dev 29: 1747-1762.

Seth M, Shirayama M, Gu W, Ishidate T, Conte D Jr, Mello CC. 2013. The C.
elegans CSR-1 Argonaute pathway counteracts epigenetic silencing to
promote germline gene expression. Dev Cell 27: 656-663.

Shi Z, Montgomery TA, Qi Y, Ruvkun G. 2013. High-throughput sequenc-
ing reveals extraordinary fluidity of miRNA, piRNA, and siRNA path-
ways in nematodes. Genome Res 23: 497-508.

Shirayama M, Seth M, Lee H-C, Gu W, Ishidate T, Conte D, Mello CC. 2012.
piRNAs initiate an epigenetic memory of nonself RNA in the C. elegans
germline. Cell 150: 65-77.

Shpiz S, Ryazansky S, Olovnikov I, Abramov Y, Kalmykova A. 2014.
Euchromatic transposon insertions trigger production of novel pi- and
endo-siRNAs at the target sites in the Drosophila germline. PLoS Genet
10: ¢1004138.

Simon M, Sarkies P, Tkegami K, Doebley AL, Goldstein LD, Mitchell J,
Sakaguchi A, Miska EA, Ahmed S. 2014. Reduced insulin/IGF-1 signaling
restores germ cell immortality to Caenorhabditis elegans Piwi mutants.
Cell Rep 7: 762-773.

Sturgill D, Zhang Y, Parisi M, Oliver B. 2007. Demasculinization of X chro-
mosomes in the Drosophila genus. Nature 450: 238-241.

Sun S, Ting CT, Wu CI. 2004. The normal function of a speciation gene,
Odysseus, and its hybrid sterility effect. Science 305: 81-83.

Tang T, Kumar S, Shen Y, Lu J, Wu ML, Shi S, Li WH, Wu CI. 2010. Adverse
interactions between micro-RNAs and target genes from different spe-
cies. Proc Natl Acad Sci 107: 12935-12940.

Thomas CG, Li R, Smith HE, Woodruff GC, Oliver B, Haag ES. 2012.
Simplification and desexualization of gene expression in self-fertile
nematodes. Curr Biol 22: 2167-2172.

Ting CT, Tsaur SC, Wu ML, Wu CI. 1998. A rapidly evolving homeobox at
the site of a hybrid sterility gene. Science 282: 1501-1504.

TingJJ, Woodruff GC, Leung G, Shin NR, Cutter AD, Haag ES. 2014. Intense
sperm-mediated sexual conflict promotes reproductive isolation in
Caenorhabditis nematodes. PLoS Biol 12: €1001915.

Tu S, Wu MZ, Wang ], Cutter AD, Weng Z, Claycomb JM. 2015.
Comparative functional characterization of the CSR-1 22G-RNA path-
way in Caenorhabditis nematodes. Nucleic Acids Res 43: 208-224.

Turelli M, Orr HA. 1995. The dominance theory of Haldane’s rule. Genetics
140: 389-402.

Turelli M, Orr HA. 2000. Dominance, epistasis and the genetics of postzy-
gotic isolation. Genetics 154: 1663-1679.

Vicoso B, Bachtrog D. 2015. Numerous transitions of sex chromosomes in
Diptera. PLoS Biol 13: €1002078.

Wedeles CJ, Wu MZ, Claycomb JM. 2013. Protection of germline gene ex-
pression by the C. elegans Argonaute CSR-1. Dev Cell 27: 664-671.
Woodruff GC, Eke O, Baird SE, Felix MA, Haag ES. 2010. Insights into spe-
cies divergence and the evolution of hermaphroditism from fertile inter-
species hybrids of Caenorhabditis nematodes. Genetics 186: 997-1012.

Wu CI, Xu EY. 2003. Sexual antagonism and X inactivation—the SAXI hy-
pothesis. Trends Genet 19: 243-247.

Yan C, BiY, Yin D, Zhao Z. 2012. A method for rapid and simultaneous map-
ping of genetic loci and introgression sizes in nematode species. PLoS
One 7: e43770.

Yang ], Zhao X, Cheng K, Du H, Ouyang Y, Chen J, Qiu S, Huang J, Jiang Y,
Jiang L, et al. 2012. A killer-protector system regulates both hybrid ste-
rility and segregation distortion in rice. Science 337: 1336-1340.

Yigit E, Batista PJ, Bei Y, Pang KM, Chen CC, Tolia NH, Joshua-Tor L, Mitani
S, Simard MJ, Mello CC. 2006. Analysis of the C. elegans Argonaute fam-
ily reveals that distinct Argonautes act sequentially during RNAi. Cell
127: 747-757.

Yu G, Wang LG, Han Y, He QY. 2012. clusterProfiler: an R package for com-
paring biological themes among gene clusters. OMICS 16: 284-287.

Received January 18, 2016; accepted in revised form May 16, 2016.

1232 Genome Research
www.genome.org



